In Drosophila, the circadian clock is comprised of transcriptional feedback loops that control rhythmic gene expression responsible for daily rhythms in physiology, metabolism, and behavior. The core feedback loop, which employs CLOCK-CYCLE (CLK-CYC) activators and PERIOD-TIMELESS (PER-TIM) repressors to drive rhythmic transcription peaking at dusk, is required for circadian timekeeping and overt behavioral rhythms. CLK-CYC also activates an interlocked feedback loop, which uses the PAR DOMAIN PROTEIN 1ε (PDP1ε) activator and the VRILLE (VRI) repressor to drive rhythmic transcription peaking at dawn. Although Pdp1ε mutants disrupt activity rhythms without eliminating clock function, whether vri is required for clock function and/or output is not known. Using a conditionally inactivatable transgene to rescue vri developmental lethality, we show that clock function persists after vri inactivation but that activity rhythms are abolished. The inactivation of vri disrupts multiple output pathways thought to be important for activity rhythms, including PDF accumulation and arborization rhythms in the small ventrolateral neuron (sLN v ) dorsal projection. These results demonstrate that vri acts as a key regulator of clock output and suggest that the primary function of the interlocked feedback loop in Drosophila is to drive rhythmic transcription required for overt rhythms.
Correspondence phardin@bio.tamu.edu
In Brief VRILLE (VRI) functions within the interlocked feedback loop in Drosophila to drive rhythmic transcription peaking at dawn. Gunawardhana and Hardin show that VRI is a key clock output regulator that controls circadian behavioral rhythms by regulating PDF neuropeptide mRNA and protein accumulation and arborization rhythms in small ventrolateral neurons.
INTRODUCTION
Daily rhythms in animal behavior, physiology, and metabolism are driven by cell-autonomous circadian clocks that are synchronized by environmental cycles, but persist with $24-hr periods even in their absence. These clocks keep time via one or more transcriptional feedback loops, which drive daily rhythms in gene expression [1, 2] . In Drosophila, the core timekeeping loop is initiated by CLOCK-CYCLE (CLK-CYC) heterodimers, which bind E-box elements during late day to activate period (per) and timeless (tim) transcription. Accumulating levels of PER and TIM at night feed back to repress CLK-CYC transcription, and degradation of PER and TIM after dawn permits CLK-CYC to initiate the next cycle of transcription [reviewed in 1, 2] . Orthologous transcription factors drive transcriptional feedback loops in other animals, including humans, indicating that the circadian timekeeping mechanism is conserved [3, 4] .
The core timekeeping loop functions in concert with interlocked feedback loops, which drive rhythmic transcription of activators within the core feedback loop [3, 4] . In mammals, the CLK-CYC ortholog CLOCK-BMAL1 activates transcription of genes encoding the nuclear receptors RORa and REV-ERBa, which activate or repress Bmal1 transcription, respectively, to form an interlocked feedback loop [5] . Eliminating both Rev-Erb paralogs disrupts rhythmic expression within the core loop and abolishes behavioral rhythms [6] , demonstrating that this interlocked loop is essential for circadian clock function. An analogous interlocked loop operates in Drosophila, except CLK-CYC activates transcription of genes encoding the basic-zipper regulators VRILLE (VRI) and PAR DOMAIN PROTEIN 1ε (PDP1ε), which feedback to repress and activate Clk transcription, respectively [7, 8] . Loss of Pdp1ε abolishes activity rhythms without disrupting the core loop [9, 10] , indicating that Pdp1ε is required for overt rhythms, but not clock function. A similar analysis of vri, the functional analog of Rev-Erbs in mammals, has not been done, leaving open the possibility VRI is required for clock function.
The vri gene was initially identified as a zygotic lethal that enhances decapentaplegic (dpp) signaling during embryonic dorsoventral patterning [11] . A screen for rhythmically expressed mRNAs identified vri as a CLK-CYC target that, upon overexpression, drastically reduced tim and per mRNAs and eliminated activity rhythms [12] . In addition, overexpressing vri in larval clock cells suppresses pigment dispersing factor (PDF) neuropeptide accumulation in ventrolateral brain pacemaker neurons (LN v s) at the post-transcriptional level [12] . In adults, PDF expression is required for activity rhythms [13] , thus, loss of vri may also disrupt activity rhythms.
In the interlocked feedback loop, VRI binds D-box elements to repress Clk transcription, thereby decreasing CLK levels, CLK-CYC activity, and per and tim mRNA levels [7, 8] . VRI levels peak in concert with vri mRNA around dusk, coincident with maximal Clk repression [7, 8] . As PER-TIM represses CLK-CYC transcription at night, vri mRNA and protein levels fall, coincident (B) Representative actograms from the indicated genotypes. Flies were entrained, monitored, and analyzed as described (see STAR Methods). White boxes, light phase; black boxes, dark phase; white background, activity during LD; shaded background, activity during DD.
(legend continued on next page)
with maximal Clk transcription [7, 8] . Although vri overexpression disrupts the core loop and activity rhythms, it is unclear whether vri is necessary for clock function, output, or both. Loss of vri should produce constant high Clk mRNA levels, but increased Clk mRNA levels and reversed phase cycling had little impact on clock function or behavioral rhythms [14] , likely due to constant CLK levels regulated by PER-dependent rhythms in posttranslational modifications [15] [16] [17] Figure 1B ; Table S1 ). Figure 1B ; Table S1 ), consistent with period lengthening due to vri overexpression [12] . VRI rhythms were tested in fly heads, where photoreceptors account for most VRI expression [8] , and in brain pacemaker neurons. In heads, VRI from the vri70kb FRT transgene cycled similarly to endogenous VRI in LD and DD, with highest levels between zeitgeber time 11 (ZT11, where ZT0 is lights on and ZT12 is lights off) and ZT19 during LD and between circadian time 11 (CT15, where CT0 is subjective lights on and CT12 is subjective lights off) and CT19 during DD day 1 ( Figures 1C  and 1D ). In brains, VRI from the vri70kb FRT transgene was detected in all brain pacemaker neurons ( Figure 1E ), and VRI cycled in LN v s with high levels from CT11-CT19 and lower levels from CT23-CT7 ( Figure 1F) brain pacemaker neurons including the 5 th sLNv (Figure 2A ).
These results demonstrate that tissue-specific FLP expression efficiently inactivates vri.
To catalyze time-specific vri inactivation, the Geneswitch system was employed [22, 23] . In this system, Gal4 is modified so that it is only active in the presence of progesterone analog mifepristone (RU486), which is administered in the food. An extant pdf-Geneswitch (pdf-GS) was used to activate UAS-flp expression in lLN v s and sLN v s once adults eclosed [24] . Flies treated with RU486 eliminated VRI specifically in lLN v s and sLN v s (Figure 2A) , while controls treated with vehicle used to dissolve RU486 (i.e., ethanol) express VRI in all pacemaker neurons (Figure 2A ). These experiments demonstrate that vri70kB FRT is efficiently inactivated in lLN v s and sLN v s by the addition of RU486.
vri Is Required for Circadian Activity Rhythms Because vri70kb FRT can be efficiently inactivated by Gal4/UAS -mediated FLP expression, we used this system to test whether vri is necessary for activity rhythms. When pdf-Gal4 and tim-Gal4 were used to inactivate vri in lLN v s and sLN v s or all clock cells, respectively, activity rhythms were almost completely eliminated in constant darkness (DD), whereas controls lacking pdf-Gal4, tim-Gal4, or RU486-induced pdf-GS were highly (>80%) rhythmic with periods of $23.4 hr ( Figure 2B ; Table 1 ). Activity during a diurnal 12 hr light:12 hr dark (LD) cycle, in contrast, was similar in control and vri inactivated strains ( Figure 2C ), demonstrating that vri is not required for LD entrainment or anticipating light or dark transitions. Our w 1118 control strain, which was used to isogenize all vri70kb FRT strains, showed a higher proportion of rhythmic flies (>95%) than controls lacking pdf-Gal4, tim-Gal4, or RU486-induced pdf-GS, but had similar $23.5 hr periods ( Table 1) . The low proportion of rhythmicity in these controls likely results from leaky expression of UAS-flp, which is recombined onto the same chromosome as vri70kb FRT . Indeed, controls in which pdf-Gal4 is recombined onto the same chromosome as vri70kb FRT were highly rhythmic (>93%) like w 1118 flies (Table 1) , consistent with PCR analysis showing little if any FLP-mediated recombination ( Figure S1B ). Nevertheless, inactivating vri70kb FRT in vri70kb FRT , pdf-Gal4/UAS-flp flies almost completely abolished rhythmicity ( Figure 2B ; Table 1 ). These results show that vri is required for activity rhythms in DD.
To insure that arrhythmicity resulting from vri inactivation was not due to a developmental defect, we used pdf-GS to inactivate vri only in adults. Homozygous vri 5 mutant flies containing the vri70kb FRT , UAS-flp, and pdf-GS transgenes were grown on standard fly food, and after eclosion, adults were transferred to food containing either RU486 to induce vri inactivation or vehicle as a control. RU486-treated flies displayed arrhythmic activity, whereas controls were rhythmic with a period of $23.5 hr (Figure 2B ; Table 1 ). This result demonstrates that vri functions in adults to sustain rhythmic activity in DD.
The Circadian Oscillator Continues to Operate in Flies
Lacking vri Arrhythmic activity due to vri inactivation in clock cells could result from disrupting the circadian oscillator or clock output pathways. To distinguish among these possibilities, we assessed oscillator function in vri inactivated flies. When vri was inactivated in all clock cells, Clk mRNA levels remain high throughout DD day 1 as expected, and tim cycling persists at higher amplitude than in controls ( Figure 3A ), presumably due to increased Clk expression [25] . We were surprised to see appreciable vri mRNA expression after vri70kb FRT inactivation.
This residual expression is likely due to inefficient vri70kb
FRT inactivation in other clock cells in heads because vri inactivation removes sequences needed for PCR amplification. Finally, PER is rhythmically expressed in LN v s on DD day 3 with a similar phase as control flies in the absence of VRI ( Figure 3B ). Although PER and TIM expression ceases in lLN v s, but not sLN v s, during the first 2 days of DD [26] [27] [28] , molecular cycles resume by the third day of DD [29] . Cycling tim mRNA levels in heads and PER levels in LN v s demonstrate that vri is not required for circadian oscillator function and suggests that vri abolishes activity rhythms by disrupting clock output. Circadian clocks also operate in many peripheral tissues including the Malpighian tubules (MTs) that encompass the fly renal system [30, 31] . VRI was efficiently eliminated in MTs upon tim-Gal4-driven UAS-flp inactivation of vri70kb FRT in vri 5 flies ( Figure 3C ). PER cycled in MTs from both controls and vri inactivated flies ( Figure 3C ), but the PER peak occurred 4 hr earlier in flies lacking vri, consistent with a short period rhythm in these flies. In vri inactivated flies, the phase of PER cycling in LN v s is closer to the control phase than in MTs, which may result from buffering by the pacemaker neuron network [32] . Nevertheless, these results argue that the circadian clock functions in brain pacemaker neurons and peripheral tissues in the absence of vri, albeit with an altered period. Loss of vri in Clock Cells Reduces PDF Expression in the sLN v s Because the circadian clock can operate in the absence of vri, we reasoned that vri inactivation abolishes behavioral rhythms by disrupting pacemaker neuron output. One well-characterized pacemaker neuron output is the neuropeptide PDF, which is required for locomotor activity rhythms [13] . PDF is expressed in four lLN v s that project to the optic lobe, accessory medulla, and the contralateral brain hemisphere and four sLN v s that project to the dorsal brain [33] . PDF rhythmically accumulates in sLN v dorsal projections [20] , which are required for locomotor activity rhythms [34] . To determine if vri is required for PDF expression, we imaged PDF in brains from control and vri inactivated (in lLN v s and sLN v s) larvae and adults collected at ZT3, when PDF abundance in sLN v s is highest [20] . In adult controls, PDF is detected in optic lobe and posterior optic tract (POT) projections and cell bodies from lLN v s and in the dorsal projection and cell bodies from sLN v s, but PDF is absent specifically in the sLN v dorsal projection in flies lacking vri ( Figure 4A ). In larvae, where PDF is only expressed in sLN v precursors [35] , PDF is readily detected in sLN v dorsal projections from controls but not vri inactivated larvae ( Figure 4A ). However, significantly (p = 2 3 10 À13 ) weaker PDF staining is detected in sLN v cell bodies of vri inactivated larvae than controls ( Figure 4B ). These results show that loss of vri drastically reduces PDF expression at its normal peak in small LN v s, which represents a general reduction as PDF levels are also low at ZT16 ( Figure S2 ). 
were immunostained with GFP (green) and PDF (red) antisera and imaged (see STAR Methods).
Merged GFP+PDF images are shown as yellow. Symbols denoting lLN v and sLN v projections are as in (A). See also Figure S2 .
Loss of PDF in the sLN v dorsal projection could result from low PDF expression, as seen in cyc 01 flies [20] , or the absence of the dorsal projection, as seen in Lar mutants [34] . To test whether sLN v dorsal projections are present in the absence of vri, CD8-GFP was used to mark the plasma membrane of lLN v s and sLN v s in vri inactivated flies. Both lLN v and sLN v projections were detected with CD8-GFP in the absence of VRI, but PDF was only detected in lLN v projections ( Figure 4C ). Thus, although sLN v dorsal projections are present in vri inactivated flies, PDF is not detected in these projections, indicating that vri is required for PDF expression.
VRI Promotes PDF Accumulation via Different Levels of Regulation
The impact of vri inactivation on PDF expression is strikingly similar to that seen in cyc 01 flies [20] , and given that cyc is required for vri expression [12] , cyc may promote PDF expression via vri. To explore this possibility, PDF levels were measured in sLN v s from cyc 01 flies before and after inducing heat shock promoter driven vri (hs-vri) expression [8] . Before heat induction, PDF was undetectable in the dorsal projection, whereas after vri induction PDF levels increased dramatically in the dorsal projection ( Figure 5A ).
To determine if the vri-dependent increase in PDF is due to higher pdf mRNA levels, we measured pdf mRNA via qRT-PCR in heads from vri overexpression (hs-vri;cyc 01 Figure 5B ), thus, high PDF levels in heatinduced hs-vri;cyc 01 flies are not due to increased pdf mRNA.
However, pdf mRNA levels were significantly (p < 0.04) lower in vri inactivated flies ( Figure 5B ), suggesting that vri maintains high pdf mRNA levels. Surprisingly, cyc 01 and Clk out fly heads had quasi-normal pdf mRNA levels even though pdf mRNA was previously found to be low in LN v s from cyc 02 and Clk Jrk mutants [20] . This difference likely results from the presence of pdf mRNA and protein in lLN v s, compensatory regulation of pdf mRNA levels in sLN v s, and/or the loss of sLN v s altogether in these mutants (see Discussion). To determine if vri maintains high pdf mRNA levels via transcriptional regulation, we employed the pdf-dtTOMATO transcriptional reporter [36] . As expected, vri induction increased PDF levels in LN v s ( Figures  5C and 5E ), but dtTOMATO levels were not altered ( Figure 5D ), indicating that vri does not promote pdf transcription. These results indicate that vri promotes PDF expression at the posttranscriptional level, and the loss of vri accounts for the lack of PDF in sLN v s from cyc 01 flies.
Arrhythmic Activity Is Not Solely Due to Reduced PDF Expression in vri Inactivated Flies If arrhythmic behavior results from low PDF levels in sLN v s from vri inactivated flies, then increasing PDF levels in sLN v dorsal projections should restore activity rhythms. To test this possibility, pdf-Gal4 was used to drive pdf and flp expression in the LN v s of vri 5 mutants carrying the vri70kb FRT transgene. In these flies, VRI was eliminated in the LN v s and PDF was restored in sLN v dorsal projections ( Figure S3 ). However, despite PDF accumulation in sLN v dorsal projections, activity rhythms were not rescued in DD (Table 1) . These results show that expressing PDF in sLN v dorsal projections is insufficient to restore activity rhythms in vri inactivated flies, which suggests that vri supports other processes required for rhythmic activity.
Another process that contributes to activity rhythms is the daily remodeling of the sLN v dorsal projection, where terminal branching is maximal after dawn and minimal after dusk [37].
To determine whether sLN v arborization rhythms are compromised in vri inactivated flies, we used CD8-GFP to measure terminal branching at the normal peak (ZT2) and trough (ZT14) times as previously described [37] . While terminal branching cycled in control flies ( Figures 6A and 6C) , cycling was abolished in vri inactivated flies, where branching remained lower than the control fly trough (Figures 6B and 6C ). Overexpressing PDF in vri inactivated flies rescued rhythms in sLN v branching ( Figures 6D  and 6E) . However, the overall levels of branching were significantly (p < 0.02) lower at both the peak and the trough than in control flies ( Figure 6F ). The absence of rhythms in sLN v dorsal projection branching may contribute to the loss in activity rhythms in vri inactivated flies.
DISCUSSION
Although vri overexpression revealed key aspects of vri function, viable vri mutant adults were needed to determine whether vri is required for clock function and/or output. To generate flies lacking vri, we rescued vri null mutants using a conditionally inactivatable vri70kb
FRT transgene (Figures 1, 2 , and S1; Tables 1   and S1 ). Inactivating vri70kb FRT abolishes rhythmic activity (Figure 2 ; Table 1 ), but minimally impacts the circadian oscillator (Figure 3 ), indicating that vri mediates clock output. Indeed, inactivating vri severely reduces PDF expression in sLN v s and abolishes rhythms in the arborization of sLN v dorsal terminals (Figures 4-6 ). These results show that vri supports multiple pathways required for activity rhythms and suggest that vri functions as a primary relay to circadian output by regulating rhythmic transcription peaking at dawn.
The interlocked loop is proposed to control Clk mRNA cycling via PDP1ε activation and VRI repression [7] . Loss of Pdp1ε or vri indeed decreases or increases Clk mRNA levels, respectively, but circadian oscillator function persists in DD [10] (Figure 3) , although molecular cycling and/or phase are compromised. Persistent clock function in the absence of Clk mRNA cycling is not surprising; molecular oscillator and activity rhythms continue even when the phase of Clk mRNA cycling is reversed, albeit with altered periods [14] . One difference between vri and Pdp1ε loss of function is that LD activity rhythms are normal in the absence of vri ( Figure 2C ), but are abolished in Pdp1ε 3135 flies [10] . Because PDF expression is lower in both vri inactivated and Pdp1ε 3135 mutants ( [10] ; Figure 4A , B), another clock output process likely accounts for the LD activity difference in vri inactivated and Pdp1ε 3135 flies. The extent to which PDP1ε and VRI regulate the same target genes, as implied by the interlocked feedback loop model [7] , is not known. However, the difference in LD activity in Pdp1ε and vri mutants suggest that PDP1ε and VRI targets differ to some extent. Divergent VRI and PDP1 targets may extend beyond behavior to control different physiological and metabolic outputs. The sharp reduction in PDF due to vri inactivation is similar to that displayed by cyc 01 mutants [20] , which abolish vri expression [12] . When vri is transiently induced in cyc 01 flies, PDF expression in the sLN v dorsal projection is restored without increasing pdf transcription or mRNA levels ( Figure 5 ), demonstrating that vri acts post-transcriptionally to increase PDF. Thus, the lack of PDF in cyc 01 sLN v s is likely due to the absence of vri expression. Although transient vri induction does not alter pdf transcription or mRNA levels ( Figure 5B-D) , vri inactivation lowers pdf mRNA levels ( Figure 5B ). Since VRI is a transcriptional repressor, VRI presumably represses a gene that reduces pdf mRNA levels. A common mechanism for reducing mRNA levels is through microRNAs (miRNAs) [38, 39] , several of which are clock-regulated or produce a circadian phenotype when they or their target sites are eliminated [40] . RNA binding proteins can also promote mRNA degradation [41] , and several RNA binding proteins are regulated by the clock control and/or produce a circadian phenotype when mutant [42] . Alternatively, vri inactivation may trigger changes in sLN v electrical activity that secondarily alter PDF levels, thereby disrupting activity rhythms. Additional studies are required to determine how vri regulates pdf mRNA levels in sLN v s. is CLK-CYC-dependent [7, 12] , and vri acts post-transcriptionally to maintain high levels of pdf mRNA (Figure 5 ), the increased pdf mRNA synthesis in Clk or cyc mutant flies would be counterbalanced by reduced pdf mRNA and protein accumulation due to the lack of vri. The offsetting effects of Clk and vri on pdf mRNA levels and the reinforcing effects of Clk and vri on PDF accumulation are consistent with the quasi-normal pdf mRNA levels and low PDF levels in sLN v s from cyc and Clk null mutants.
It is also possible that Clk is required for larval LN v identity or survival [15, 20] , which would account for the lack of pdf expression in adult sLN v s. Transient and chronic vri overexpression have different effects on pdf expression in sLN v s. Transient vri overexpression in cyc 01 adults increases PDF without altering pdf mRNA levels ( Figures  5A and 5B) , which is unexpected given that pdf transcription is high in cyc 01 flies [36] and vri promotes pdf mRNA accumulation.
We speculate that pdf mRNA is normally maximally expressed in sLN v s, thus, vri overexpression and cyc 01 cannot increase pdf mRNA levels further given the high pdf mRNA levels in lLN v s. Chronic vri overexpression sharply decreases PDF without altering pdf mRNA levels in larval LN v s [12] . Because VRI represses Clk transcription, pdf mRNA remains high because pdf transcription and mRNA accumulation are increased due to low CLK and high VRI levels, respectively, while PDF declines to the low levels seen in Clk and cyc mutants [12, 20] . Chronic vri overexpression apparently disrupts a CLK-CYC-dependent factor required for PDF translation, maturation, transport, or release, which results in low PDF levels. The intricate regulation of PDF expression likely insures optimal levels of PDF in sLN v s, which act to coordinate the pacemaker neuron network and adjust behavior to photoperiod [43, 44] . In addition to regulating pdf, vri drives rhythms in sLN v dorsal projection arborization (Figures 6B-6D ). CLK-CYC-dependent rhythms in the transcription factor MEF2, the GTP binding protein PURATROPHIN-1 (PURA), and matrix metalloprotease MMP1 also control rhythms in sLN v arborization [45] [46] [47] , but how vri integrates with MEF2, PURA, and MMP1 to regulate rhythms in sLN v dorsal projection arborization awaits future studies. PDP1ε and VRI activate and repress transcription of genes whose mRNAs peak at dawn, respectively [7, 8] . In Clk Jrk and cyc 01 mutants, which lack Pdp1ε and vri expression, Clk mRNA remains at peak levels [48] , suggesting that Pdp1ε does not activate Clk in vivo. Moreover, the peak levels of Clk mRNA are similar in wild-type and Pdp1ε mutant flies [10] , further arguing that Clk activation is largely independent of Pdp1ε. If so, then Clk mRNA cycling is controlled primarily by VRI cycling, which peaks coincident with trough levels of Clk mRNA [7, 8] . Transcriptional regulation by VRI is expected to control genes whose mRNAs peak at dawn and may indirectly regulate non-cycling transcripts such as pdf via post-transcriptional mechanisms. To determine the impact of vri on overt rhythms, direct and indirect VRI targets must be identified and tested for physiological, metabolic, and behavioral defects. Although VRI and REV-ERBa drive rhythmic transcription of Clk in flies and Bmal1 in mammals, respectively, VRI is not orthologous to REV-ERBa and controls clock output rather than circadian timekeeping [5, 6] . However, the mammalian ortholog of VRI, E4BP4/NFIL3, is also rhythmically expressed and functions with the PAR domain activators DBP, TEF, and HLF to drive rhythms in target gene transcription [49] [50] [51] [52] [53] . As in flies, E4BP4/ NFIL3 and PAR domain activators bind D-boxes to drive rhythmic transcription [49] [50] [51] [52] [53] , which is considered a major node for rhythmic transcription regulation in mammals along with E-boxes and RORE elements [51] . E4BP4/NFIL3 and DBP knockdowns alter circadian period [54] , perhaps via Per2 regulation [55, 56] , but the extent of E4BP4/NFIL3 contribution to rhythmic transcription and clock output is not known. Further analysis of target genes and processes regulated by VRI may shed light on E4BP4/NFIL3 function in mammals.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly strains
The following fly strains were used in this study: w 1118 , tim-Gal4 [19] , tim(UAS)Gal4 [12] , pdf-Gal4 [20] , pdf-GeneSwitch (pdf-GS) [24] , [58] and hs-vri [8] . Flies were reared on standard cornmeal/agar medium supplemented with yeast and kept in 12 hr light/12 hr dark (LD) cycles at 25 C.
METHOD DETAILS
Transgene construction and transgenic fly generation BAC clone CH321-28E21 (BacPac Resources) was used to generate the vri70kb FRT transgene. Two Flippase Recognition Target (FRT) sequences were inserted into the transgene flanking the third exon of vri at chromosomal locations chr2L5307969 and chr2L5312358 using bacterial homologous recombination [59] . The first FRT sequence was inserted on chromosome 2L at site 5307969 using an Intron 2 recombination cassette comprised of a FRT sequence, a Kanamycin (Kan) gene flanked by loxP sites, and two homology arms generated via PCR using the 'Second intron Homology Forward' and 'Second intron Homology Reverse' primers (see Key Resources Table) . After selection for recombinants and sequence verification, the Kan cassette was removed using CRE recombinase as described [59] . The same procedure was employed to insert an FRT at chr2L5312358 using a 3 0 UTR [57] . To confirm the UAS-flp mediated inactivation, genomic DNA was extracted from 5-6 vri70kb FRT flies, and PCR was performed to amplify a 392bp intact transgene fragment using the intact transgene forward and reverse primers and amplify a 649bp inactive transgene fragment using the inactive transgene forward and reverse primers (see Key Resources Table; Figure 4 ).
Immunostaining
Fly tissues were processed for immunostaining as previously described [15] , with minor modifications. Larval brains were dissected at the L3 stage and adult tissues were dissected 3-5 days after eclosion. Dissected tissues were fixed with 3.7% formaldehyde, washed and blocked in PAXD buffer (1X PBS, 5% BSA, 0.03% sodium deoxycholate, 0.03% Triton X-100) with 5% donkey or goat serum for 1 hr, and incubated with primary and secondary antibodies diluted in PAXD buffer. The following primary antibodies were used: guinea pig anti-VRI GP3 1:25,000, rabbit anti-GFP ab290 (Abcam) 1:2000, pre-absorbed rabbit anti-PER (a gift from Michael Rosbash Laboratory, Brandeis University) 1: 15,000 and mouse anti-PDF (DSHB) 1:500. The following secondary antibodies were used at a 1:200 dilution: goat anti-rabbit Alexa 647 (Molecular Probes), goat anti-guinea pig Cy-3 (Jackson ImmunoResearch Laboratories, Inc.), goat anti-mouse Cy-3 (Jackson ImmunoResearch Laboratories, Inc.), goat anti-mouse Alex488 (Molecular Probes). For hs-vri immunostaining, flies were subjected to a 37 C heat shock for 30 min and allowed to recover for 2 hr to analyze tdTOMATO levels or 24 hr to analyze PDF levels.
Confocal microscopy
Confocal imaging was carried out as described [60] , with minor modifications. Fly tissues were imaged using an Olympus FV1000 confocal microscope 20x /0.8 NA or 100x /1.4 NA oil immersion objective lenses. Serial optical scans were obtained at 3 mM intervals (with 20x objective lens) for most of the imaging experiments and 1uM thick optical scans were done to determining the degree is neuronal plasticity with 100X objective lens. Original Olympus images were saved as 12-bit oib format. When analyzing tdTOMATO, the direct fluorescence of the fluorophore was captured using HeNe 543 laser excitation as described [36] . For sLN v arborization rhythm analysis, images were captured with 100X /1.4 oil immersion objective with an optical zooming of 1.2x. and further analyses were carried out as described under 'confocal image processing and analysis' section.
Drosophila activity monitoring and behavior analysis All fly strains used in behavior experiments except those containing vri 2 were backcrossed seven times to w 1118 flies to minimize effects due to differences in genetic background. Locomotor activity was monitored using the Drosophila Activity Monitor (DAM) system (Trikinetics). One to three day old male flies were placed in monitors, and activity was recorded for 3 days in 12:12 light-dark (LD) cycles and 7 days in contact darkness (DD) at 25 C. To record activity of strains containing the pdf-GS driver, flies were raised in standard corn meal food until pupation. Dark-winged pupae were collected and transferred to an empty vial containing a moistened strip of Kim-wipe. After eclosion, flies were starved for >12 hr, and then fed standard food containing RU486 (500 ug/mL) for 2-3 days before activity rhythm experiments were conducted as described earlier, except the food inside behavior tubes also contained 500 ug/mL RU486. For control experiments, the vehicle (ethanol) used to solubilize RU486 was added. To investigate the activity rhythms during LD, flies were monitored in LD for 10 days, then in DD for two days to confirm the circadian phenotype of a given genotype.
Western blotting
Western blot analyses were conducted as described [61] , with minor modifications. After protein extraction, equal amounts of RIPA S extract were run, transferred, and probed with guinea pig anti-VRI GP3, 1: 5,000 and mouse anti-beta-actin (Abcam), 1:20,000. Horseradish peroxidase-conjugated secondary antibodies (Sigma) against guinea pig and mouse were diluted 1:5,000. Immunoblots were visualized using ECL plus (GE) reagent.
RNA extraction and quantitative RT-PCR
RNA extraction and quantitative RT-PCR was performed as described [61] , with minor modifications. Flies were entrained in 12:12 light-dark (LD) for at least 3 days, collected at the indicated time points, and frozen. Total RNA was isolated and cDNA was synthesized using Superscript II (Invitrogen). The reverse transcription (RT) product was amplified with SsoFast qPCR Supermix (Bio-Rad) in a Bio-Rad CFX96 Real-Time PCR System using pairs of gene-specific primers (see Key Resources Table) . To quantify the levels of pdf mRNA under VRI overexpression conditions, flies containing hs-vri were subjected to 37 C heatshock for 30 min and allowed to recover for 2 hr. Flies were then collected, frozen, total RNA was extracted, and qPCR was performed as above.
QUANTIFICATION AND STATISTICAL ANALYSIS
Confocal image processing and analysis Preliminary image processing was carried out using either FV1000 confocal software or Adobe Photoshop. Quantification of staining intensities was done using ImageJ software [62] . For quantification purposes the region of interest was duplicated using the software, next the duplicated image was converted to 8-bit image and its threshold was set. Using the 'Analyze particle' function cell boundaries were marked on the duplicated image. Then the mean intensity (intensity/area) or raw intensity was measured on the original image using the cell boundaries marked on the duplicate image. Student two-tailed t tests were performed (at p value 0.05 with unequal variances, otherwise specified) on the average intensity values.
Arborization rhythm analysis
Analysis for neuronal plasticity was carried out as described [37] , with minor modifications. Briefly, ten concentric rings centered at the position where the first dorsal ramification opens up were drawn for each fly brain hemisphere, such that each of these rings are 10uM apart from one another. The extent of arborization was determined as a summation of all observed intersections that projections made with these rings. Scoring was performed blindly with regard to treatment. Intersections with higher order processes were difficult to determine accurately as the signal intensities fade out toward the process termini, and are thus underestimates. Student two-tailed t tests with unequal variances were performed on the recorded average number of intersections for each genotype to determine whether differences were statistically significant.
Activity behavior analysis
Analyses of period, power, and rhythm strength during constant darkness (DD) was carried out on all 7 days of recording during DD using ClockLab (Actimetrics) software as previously described [63] . Rhythm analyses for LD activity experiments were carried out using the last seven days of data during LD. Beam break counts were recorded in 30 min bins for 7 days and average activity was calculated to generate the histograms as described [34] .
Western blot quantification Protein levels were quantified by placing a rectangle of the same size over each VRI and b-Actin protein band on films used to visualize the immunoblots, and quantifying the signal within each rectangle via densitometric analysis using the ImageJ program [64] . The levels of VRI were calculated as a VRI: b-Actin ratio.
Analysis of quantitative RT-PCR data
For each sample, mRNA quantity was determined as described [61] . rp49 mRNA levels were used as a normalization control when determining the relative level of mRNA. Student two-tailed t tests with unequal variances were performed to determine whether differences were statistically significant.
